In order to identify novel genes enriched in adult heart, we performed a subtractive hybridization for genes expressed in mouse heart but not in skeletal muscle. We identi®ed two alternative splicing variants of a novel PDZ-LIM domain protein, which we named Oracle. Both variants contain a PDZ domain at the amino-terminus and three LIM domains at the carboxy-terminus. Highest homology of Oracle was found with the human and rat enigma proteins in the PDZ domain (62 and 61%, respectively) and in the LIM domains (60 and 69%, respectively). By Northern hybridization analysis, we showed that expression is highest in adult mouse heart, low in skeletal muscle and undetectable in other adult mouse tissues. In situ hybridization in mouse embryos con®rmed and extended these data by showing high expression of Oracle mRNA in atrial and ventricular myocardial cells from E8.5. From E9.5 low expression of Oracle mRNA was detectable in myotomes. These data suggest a role for Oracle in the early development and function of heart and skeletal muscle. q 2000 Elsevier Science Ireland Ltd. All rights reserved.
LIM proteins contain a cysteine-rich double zinc ®nger structure and have been shown to be involved in differentiation, growth and architecture of cells in a variety of tissues. The LIM domain consists of the consensus amino acid sequence C-X 2 -C-X 16±23 -H-X 2 -C-X 2 -C-X 2 -C-X 16±23 -C-X 2 -(C/D/H). The designation LIM is derived from the proteins in which the LIM domain was ®rst identi®ed, lin-1, a protein controlling asymmetric cell division during vulval development in Caenorhabditis elegans (Freyd et al., 1990) , isl-1, a rat insulin I enhancer-binding protein, expressed in developing and mature islet cells (Karlsson et al., 1990) , and mec-3, required for the differentiation of mechanosensory neurons in C. elegans (Way and Chal®e, 1988) . LIM domains are often associated with other functional domains, such as homeodomains, protein kinase domains, or PDZ domains.
The PDZ-domain named for the mammalian synaptic density protein PSD-95, the Drosophila Disc-large (dlg) tumor suppressor protein, and the mammalian epithelial tight-junction protein ZO-1 is a modular binding domain consisting of 80±90 amino acids that binds to the consensus sequence (Ser/Thr)-X-(Val/Leu/Ile), located at the carboxyterminus of target proteins (reviewed by Fanning and Anderson, 1996) . PDZ-domains have also been shown to bind other PDZ domains, LIM domains and spectrin-like repeats. PDZ-domain containing proteins may serve as scaffold proteins for assembling proteins at cell±cell junctions or for signal transduction.
Only a few proteins have been described that contain amino-terminal PDZ-domains as well as carboxy-terminal LIM domains. In this class of proteins, the human Enigma (Wu and Gill, 1994) and rat Enigma homology protein (ENH) (Kuroda et al., 1996) have three carboxy-terminal LIM domains, whereas RIL (Kiess et al., 1995) , CLP36 (Wang et al., 1995) and actinin-associated LIM protein (ALP) (Xia et al., 1997) have one LIM domain. The LIM domains of Enigma have been shown to interact with both the insulin receptor and the tyrosine receptor kinase ret, whereas ENH interacts via its LIM domains with different isoforms of PKC. The PDZ domain of ALP binds to alphaactinin-2 and colocalizes at the Z-lines of skeletal muscle (Xia et al., 1997) .
Recently, it has been shown that the PDZ domain of Enigma binds to skeletal b-tropomyosin (Guy et al., 1999) . This interaction is speci®c for the Enigma PDZ domain, since the PDZ domains of dlg, LIM-kinase and ENH did not bind to skeletal muscle beta-tropomyosin.
Here we describe the identi®cation of two novel alternative splicing variants of the PDZ-LIM domain family, which we named Oracle-1 and -2, based on their homology to the enigma proteins. Both variants were identi®ed after cDNA representational difference analysis (RDA) by subtracting transcripts from adult mice skeletal muscle (driver) from adult mice hearts (tester). Both Oracle isoforms contain an amino-terminal PDZ domain and three carboxy-terminal LIM domains. The largest isoform (Oracle-1) encodes a 723 amino acid protein, whereas the second isoform (Oracle-2) encodes a 661 amino acid protein. The two alternative splice variants differ by the presence of a 62 amino acid region in the center of Oracle-1. Oracle transcripts are preferentially expressed in heart but are also expressed at a lower level in skeletal muscle and are detected as early as embryonic day 8.5 in mouse heart development. These ®nd-ings suggest that Oracle may play an important role in cardiac development and function.
Experimental procedures

cDNA representational difference analysis
The representational difference analysis (RDA) protocol was followed as described previously by Hubank and Schatz (1994) . Brie¯y, puri®ed mRNA (2 mg) from mouse heart and skeletal muscle was converted into double-stranded cDNA using the Superscript choice system for cDNA synthesis (Gibco). The cDNA was digested with DpnII resulting in a GATC-compatible overhang. The following sets of oligonucleotides were used for ligation to the cDNA:
In the ®rst round of subtraction, R-Bgl oligonucleotides were annealed by heating at 508C and cooling to 108C at 18C/min. T4 DNA ligase was added (1200 U) and incubated overnight at 168C. The R-Bgl-ligated cDNA was ampli®ed by PCR in 67 mM Tris±Cl (pH 8.8), 4 mM MgCl 2 , 16 mM (NH 4 ) 2 SO 4 , 20 mg/ml BSA, 0.25 mM dNTPs and R-Bgl-24 (10 mg/ml) in a total volume of 200 ml. The reaction mixture was heated to 728C before adding 5 U of Taq DNA polymerase and mineral oil. This was followed by 5 min at 728C and 20 cycles of 1 min at 958C and 3 min at 728C. After phenol/chloroform extraction and ethanol precipitation, the DNA was dissolved in TE and digested with DpnII. At this point, digested DNA derived from skeletal muscle was used as driver, whereas digested heart DNA, separated from the R-Bgl oligonucleotides by gel-puri®cation (Qiagen), was used as tester. Subsequently, J-Bgl-12 and -24 oligonucleotides were ligated to the tester DNA as described above. Subtractive hybridization was performed by incubating driver and tester DNA (ratio 100:1) in 30 mM EPPS buffer (pH 8.0) at 988C for 5 min and after cooling down to 678C and addition of 1 M NaCl incubating at 678C overnight. By performing PCR using the same conditions as described above and by using J-Bgl-24 oligonucleotides, tester DNA that was not present in the driver DNA pool, was exponentially ampli®ed. Two additional rounds of subtraction were performed, following the same principle as described above by increasing the driver:tester ratio to 800:1 and 40 000:1 using N-Bgl and J-Bgl-oligonucleotides, respectively, for the second and the third round of subtraction. The PCR fragments were ligated in the pGEMTeasy vector (Promega) and sequenced. Since these products contained predominantly known cardiac-speci®c genes such as alphamyosin heavy chain, tropomyosin and phospholamban, these products were ligated to the R-Bgl oligonucleotides, ampli®ed, added to the driver DNA, and subtracted from the tester DNA by performing two additional rounds of subtraction.
Cloning and sequencing of mouse Oracle
A subcloned 436 bp PCR fragment which was isolated after RDA was used to screen a mouse heart cDNA library in a Uni-ZAP XR vector (Stratagene) to obtain a full length clone. Approximately 10 6 phage plaques were screened by transfer to nitrocellulose ®lters and hybridization with the PCR fragment. After three rounds of screening, positive clones were isolated and sequenced using an automated DNA sequencer. Both strands were sequenced once at least. The sequences of the partially overlapping clones were compiled and revealed the sequence of two novel PDZ-LIM domain proteins. Since the initiation methionine was not present in the sequence, full length clones were obtained by 5 H rapid ampli®cation of cDNA ends (RACE). Poly A 1 puri®ed mRNA isolated was used for 5 H RACE using the Marathon cDNA ampli®cation kit (Clonetech). In short, ®rst-strand cDNA synthesis was performed using an oligo(dT) primer with two degenerate nucleotides at the 3 H end and AMV reverse transcriptase. Second-strand synthesis was performed using an enzyme cocktail of Escherichia coli DNA polymerase I, RNase H and E. coli DNA ligase. Following T4 DNA polymerase Marathon cDNA adaptors were ligated to the double stranded cDNA using T4 DNA ligase. Subsequently, PCR was performed with gene-speci®c primers (GSP1) and adaptor-speci®c primers (AP1), using the Advantage cDNA polymerase mix (Clonetech). A second nested PCR was necessary using GSP2 and AP2. The PCR fragments were subcloned in the pGEMTeasy vector followed by sequencing. Sequences were compared and matched to the sequence of the PDZ-LIM protein, resulting in the full length open reading frame (ORF) sequence of Oracle-1 and -2.
RNA isolation and Northern hybridization analysis
Total RNA was isolated from adult mouse heart, skeletal muscle, brain, liver, lung, uterus, stomach and intestine using Trizol reagent (Gibco). Brie¯y, tissues were homogenized in Trizol, extracted by chloroform and precipitated by isopropyl alcohol. The RNA concentration was measured by spectrophotometry at 260 nm. RNA integrity was veri®ed by gel electrophoresis. Poly(A) 1 mRNA was puri®ed using a mRNA puri®cation kit (Pharmacia). For all tissues, 3 mg of mRNA was separated on a 1.5 % formaldehyde/MOPSagarose gel. After the RNA was blotted overnight on a nitrocellulose ®lter and UV cross-linked, hybridization was performed with a 32 P-labeled, randomly primed, 436 bp PCR fragment as obtained from the subtraction hybridization. This PCR fragment is homologous to base pairs 306 to 741 of Oracle-1 and -2 and therefore does not distinguish between the two isoforms. Hybridization was performed in Rapid hybe (Pharmacia) at 658C for 3 h. Following hybridization, the ®lter was washed in 2£ SSC at room temperature (2 £ 5 min), 0.2£ SSC/0.1% SDS at 658C (2 £ 30 min) and 2£ SSC at room temperature. The ®lters were exposed to Kodak autoradiography ®lm for 18 h and developed afterwards.
In situ hybridization
Mouse embryos at different times of development, ranging from embryonic day 8.5 (E8.5) to E12.5 were ®xed overnight in 4% paraformaldehyde in phosphatebuffered saline (PBS). In situ hybridization was performed by whole-mount hybridization as described previously (Nakagawa et al., 1999) or on paraf®n sections as described by Wilkinson et al. (1987) , with some minor modi®cations (Frohman et al., 1990) . The same 436 bp PCR fragment was linearized with NcoI and transcribed with Sp6 RNA polymerase to create an antisense RNA probe. For the control sense RNA probe, the PCR fragment was linearized with SalI and transcribed with T7 RNA polymerase. Following prehybridization, tissue sections were hybridized at 528C in 50% formamide, 0.3 M NaCl, 20 mM Tris±HCl (pH 7.4), 5 mM EDTA, 10 mM NaPO 4 , 10% dextran sulfate, 1£ Denhardt's solution, 50 mg of yeast tRNA per ml, and 50 000 c.p.m. of 35 S-labeled RNA probe per ml. Subsequently, sections were washed at 658C in 50% formamide/ 2£ SSC/10 mM dithiothreitol and PBS followed by RNase A treatment (20 mg/ml) at 378C for 30 min. After several washes in 2£ SSC and 0.1£ SSC for 10 min at 378C, the slides were dehydrated and dipped in NTB-2 emulsion (Kodak) and exposed for 2±3 weeks at 48C. Finally, the slides were developed in D-19 developer (Kodak), counterstained with toluidine blue and examined by light-and dark®eld microscopy.
Results
Cloning and characterization of mouse Oracle cDNA
From subtraction hybridization, we isolated a novel PCR fragment and veri®ed the difference in mRNA expression between heart and skeletal muscle. After obtaining cDNAs, encoding the complete open reading frame, by screening a heart cDNA library, we obtained two alternative splicing variants, encoding a PDZ-LIM-domain protein, Oracle. Alternative splicing was con®rmed by genomic sequencing, demonstrating an intron at the splicing site (data not shown). Based on the homology of these alternative splicing variants to the Enigma proteins, we named these two variants Oracle-1 and -2. The nucleotide sequence of the Oracle-1 cDNA reveals a 2169 bp open reading frame encoding a 723 amino acid protein, whereas Oracle-2 reveals a 1983 base pair open reading frame encoding a 661 amino acid protein.
Both isoforms contain a PDZ domain at the amino-terminus (amino acids 1±84) and three LIM domains at the carboxyterminus. A 62 amino acid sequence in Oracle-1 (amino acid 296 to 357) was absent in Oracle-2. (Fig. 1A,B) . This 62 amino acid region contains a high percentage of alanines (33.9%). No signi®cant homology was found to this region when compared to the GenBank database.
Comparison of the Oracle sequence with the GenBank by Blast search revealed homology to other LIM proteins. A human homologue (KIAA0613) was found for Oracle (accession number BAA31588) with an 89% overall homology. The highest overall homology to known proteins was found for the PDZ-LIM proteins human Enigma (Wu and Gill, 1994) and rat enigma homologue (ENH) (Kuroda et al., 1996) . The regions of homology were found in the PDZdomain, displaying a 62 and a 61% homology, and the LIM domain containing carboxy-terminus, displaying a 60 and 69% homology to the human and rat enigma proteins, respectively (Fig. 2) . In other PDZ-LIM proteins, such as LIM mineralization protein-1 (LMP-1) (Boden et al., 1998) , CLP36 (Wang et al., 1995) , RIL (Kiess et al., 1995) , and alpha-actinin-2 associated LIM protein (ALP) (Xia et al., 1997) , homology was found in the amino-terminus (PDZdomain) in addition to the LIM domains, varying from 62 to 73%. In the central region of Oracle, no homology of any signi®cance was found. This central region contained a high percentage of prolines (17%) and serines (15%)
Oracle mRNA expression in heart and skeletal muscles
Northern hybridization analysis demonstrated mRNA products at approximately 2 and 5 kb in heart and in skeletal muscle (Fig. 3) , suggesting the existence of alternative splicing products. Since there is only a 186 bp difference in the coding region between Oracle-1 and -2, it is feasible that there are more alternative splicing variants of Oracle. Oracle mRNA expression was not observed in any other tissues examined. Oracle mRNA expression was at least ten-fold more abundant in heart than in skeletal muscle.
Localization of Oracle mRNA by in situ hybridization
In situ hybridization of tissue sections or whole mounts of staged mouse embryos demonstrated that Oracle mRNA was expressed in heart during early development. At the earliest time point examined (E8.5), Oracle mRNA was expressed only in atrial and ventricular myocardial cells (Figs. 4A and 5A,B) . At E9.5 Oracle mRNA expression was observed in atrium, bulbus cordis and future left ventricle (Figs.4B,5C±F) , as well as in somites (Fig. 5C) . At E10 and E11.5 Oracle mRNA was again clearly observed throughout the heart in atrium and ventricle. Furthermore, expression could also be observed in myocardial trabeculae and sinus venosus (Fig. 4C±F) . On tissue sections at E11.5 Oracle mRNA was detected at a low level of expression in myotomes (Fig. 4F) . From the in situ hybridization, it is also evident that mRNA expression is higher in heart than skeletal muscle, con®rming the data obtained by Northern hybridization analysis and the success of the initial subtractions.
Discussion
In the present study, we describe the cloning and expression of two novel alternative splicing variants, Oracle-1 and -2, encoding for proteins containing an amino-terminal PDZ domain and three carboxy-terminal LIM domains. Signi®-cant homology was found to other PDZ-LIM domain proteins, in particular to the family of Enigma proteins.
The human Enigma LIM protein was identi®ed by yeasttwo hybrid screening in HeLa cells, using exon 16 of the insulin receptor as bait, which encodes for intrinsic protein tyrosine kinase activity for ligand-induced internalization of insulin receptors (Wu and Gill, 1994) .The rat Enigma homologue (ENH) was identi®ed by a yeast two-hybrid screen using the regulatory domain of rat PKC bI as bait (Kuroda et al., 1996) . Enigma is predominantly detected in skeletal muscle of E13.5 mouse embryos, but is also expressed in brain and in cells associated with the equatorial zone of proliferation within the developing lens, whereas ENH is expressed highest in adult heart and skeletal muscle, but is also expressed in other tissues like brain, liver and kidney. In contrast, expression of Oracle was highly speci®c for heart and skeletal muscle in adult as well as embryos.
It has been suggested that LIM domains may function in protein localization, assembly of multimeric protein complexes, or regulation of activity of binding partners (Schmeichel and Beckerle, 1994) . Wu et al. (1996) found that the third LIM domain of Enigma speci®cally recognized the Tyr-containing motif of the insulin receptor. Furthermore, they demonstrated that the second LIM domain of Enigma speci®cally recognized the receptor tyrosine kinase Ret (Wu et al., 1996) . All three LIM domains of rat ENH were shown to bind PKCbI, g and 1 but not PKCa, d and z. In that same study, it was demonstrated that the LIM domains of Enigma interacted with PKCa, bI and z but not with PKCg, d and 1 (Kuroda et al., 1996) . These studies indicate that each LIM domain can speci®cally recognize different target proteins. Like the LIM-domain, the PDZ domain is a modular protein-binding domain that can interact with other PDZ domains, with speci®c sequences at the carboxy-termini of proteins, or with spectrin-like structures (Fanning and Anderson, 1996) . Recently, it has been demonstrated that the PDZ domain of Enigma interacts with skeletal b-tropomyosin in C2C12 myotubes. Mutations within the PDZ domain or at the carboxy-terminus of b-tropomyosin abolished this interaction (Guy et al., 1999) . The PDZ domains of ENH, dlg, and LIM-kinase did not interact with skeletal b-tropomyosin, indicating individual speci®city for the PDZ domain. Furthermore, Enigma colocalized with skeletal b-tropomyosin at the Z-line and at the boundary between the I-band and Z-lines of adult muscle. In accordance, the PDZ domain of ALP binds to a-actinin-2, another actinbinding protein, and these proteins colocalize at the Z-line of skeletal muscle (Xia et al., 1997) .
LIM-only proteins, which contain LIM domains without any other recognizable functional domain, are associated with the cyto-skeleton. Zyxin and CRP interact with a-actinin via the amino-terminus or the ®rst LIM domain, respec- Fig. 3 . Northern hybridization analysis of Oracle mRNA. A mouse multiple Northern blot was hybridized with a 32 P-labeled Oracle cDNA probe. Three micrograms of mRNA was used for heart, skeletal muscle, liver, lung, brain, uterus, intestine and stomach. Expression is observed in heart and skeletal muscle (2 and 5 kb). Fig. 4 . In situ hybridization of Oracle during early mouse development. Sagittal sections of mouse embryos at E8.5 (A), E9.5 (B), E10 (C,D)and E11.5 (E,F) were hybridized with a 35 S-labeled Oracle probe. Strong expression of Oracle is evident throughout the heart (h) in atrial (a) and ventricular (v) myocardial cells at all time points. At E10 (D) Oracle mRNA expression was also detected in sinus venosus (sv), presented at a higher magni®cation in (D). Oracle mRNA expression was observed in myotomes (m) at E11.5 (E). This is more clear at a higher magni®cation (F).
tively and are localized along actin ®laments (Sadler et al., 1992) . Furthermore, the subcellular localization of MLP is found along actin ®laments in the cytoplasm as well as in the nucleus (Arber et al., 1994) . In MLP de®cient mice, it was demonstrated that this LIM protein also plays an important role in the formation of the heart. Disruption of MLP expression in these mice resulted in cardiomyopathy and cardiac hypertrophy and disruption in cardiomyocyte cytoarchitecture (Aber et al., 1997) .
These studies demonstrate the association of LIMdomain proteins with the cytoskeleton and its importance for cardiac structure and function. The homology of Oracle to the Enigma proteins suggests that the PDZ domain of Oracle may interact and colocalize with actin-binding proteins, assembling LIM-domain binding proteins in the vicinity of the cytoskeleton. Protein kinases, which have been shown to interact with the Enigma proteins, are candidates for LIM-domain binding proteins. In the future, it will be of interest to determine if Oracle interacts with the cytoskeleton and what the speci®c binding proteins are for the PDZ-and the LIM-domains. Fig. 5 . Whole mount in situ hybridization of Oracle during early mouse development. Mouse embryos were dissected at E8.5 (A and B) and E9.5 (C, D, E and F) and hybridized with a digoxigenin-labeled Oracle RNA probe. Expression is detected throughout the heart (h) in atrium (a), future left ventricle (v), bulbus cordis (bc) and somites (s). An E9.5 embryo hybridized with the Oracle probe was sectioned; expression is detected in atrium and ventricle (F).
